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Description

[0001] The invention relates to a method and appara-
tus for detecting, in an environment of an object, the pres-
ence of a location where branches of an area within the
environment converge or diverge. Moreover, the inven-
tion relates to an advanced driver assistance system, to
an autonomous driving vehicle and to a robot system.

Background

[0002] Although applicable in principle to any system
applying free space detection and/or environment mod-
elling, the invention and its underlying problem will be
hereinafter described in connection with an advanced
driver assistance system.

[0003] Modernvehicleslike cars ortrucks, forexample,
usually comprise driver assistance systems which may
support the driver when performing driving maneuvers.
For performing automatic driving maneuvers, a free
space in the surrounding of a vehicle has to be detected.
[0004] EP 3029 602 A1 describes an approach to es-
timate free space surrounding a vehicle using multiple
cameras and an occupancy grid map.

[0005] A technique to form an occupancy grid and a
histogram-based technique for determining a road
boundary are described in "Efficient occupancy grid com-
putation on the GPU with lidar and radar for road bound-
ary detection" by F. Homm, N. Kaempchen, J. Ota and
D.Burschka, 2010 IEEE Intelligent Vehicles Symposium,
San Diego, CA, 2010, pp. 1006-1013.

[0006] Driving maneuvers may involve, for instance,
driving the vehicle along roads and/or highways following
a selected route. For such maneuvers, there is in partic-
ular a need to reliably and efficiently detect locations
where the area that can be used by the vehicle to run on,
e.g.theroad or highway, diverges into branches orwhere
such branches converge. Typical examples of such lo-
cations are a highway exit, where an exit lane branches
from the remaining lanes, or a highway entry, where an
entry lane converges with other lanes. Other examples
may be found at highway interchanges, with some lanes
leading towards one destination and others towards an-
other.

[0007] Lane orroad marks, for example, may often be
applied on the surface of the road or highway using a
suitable kind of paint or the like. Such lane or road marks,
as well as traffic signs, are commonly used to provide
information to a human driver in a conventional manner.
[0008] The layout of roads, including the direction of
traffic and the directions in which e.g. exits branch from
the main road, as well as the presence, absence, sizes,
colours and design of markings and traffic signs may be
quite different from one country to another, and may also
vary within one country from one road type to another.
Also, depending on the specific situation, markings and
signs may sometimes be present or absent in a manner
different from the usual way. Moreover, markings and
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signs may be dirty, damaged and/or worn, depending on
conditions such as the age thereof, the traffic intensity or
the climate.

[0009] It would be desirable to reliably detect locations
where an area, such as a road or highway, diverges into
branches, as e.g. in an exit situation, or where such
branches converge, as e.g. in an entry situation.

Summary

[0010] Hence, itis an aspect of the invention to detect
the presence of locations of the afore-mentioned kind,
where branches of an area diverge or converge, without
the need to rely on the presence and correctness of spe-
cific signs, e.g. traffic signs and/or road/lane markings
on the ground.

[0011] According to the invention, this can be accom-
plished by a method having the features of claim 1 and/or
by an apparatus having the features of claim 13 and/or
by an advanced driver assistance system having the fea-
tures of claim 14 and/or by an autonomous driving vehicle
having the features of claim 15 and/or by a robot system
having the features of claim 16.

[0012] The invention provides a method for detecting,
in an environment of an object, the presence of a location
where branches of an area within the environment con-
verge or diverge, wherein the method comprises steps of:

- providing an occupancy grid comprising a plurality
of grid cells, each grid cell comprising a value for a
probability of an occupancy in the environment of
the object;

- detecting boundaries of the area based on values of
grid cells of the occupancy grid;

- identifying the number of boundaries detected;

- depending on the number of boundaries identified,
signalling the presence of a location where branches
of the area converge or diverge.

[0013] The invention furthermore proposes an appa-
ratus for detecting, in an environment of an object, the
presence of a location where branches of an area within
the environment converge or diverge. The apparatus
may in particular be configured for performing the method
of the present invention. The apparatus comprises:

- anoccupancy detector adapted to provide an occu-
pancy grid comprising a plurality of grid cells, each
grid cell comprising a value for a probability of an
occupancy in the environment of the object;

- aboundary detecting and processing device adapt-
ed to detect boundaries of the area based on values
of grid cells of the occupancy grid, and adapted to
identify the number of boundaries detected, and fur-
ther adapted to provide an output signalling the pres-
ence of a location where branches of the area con-
verge or diverge, depending on the number of
boundaries identified.
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[0014] The invention furthermore provides an ad-
vanced driver assistance system comprising such an ap-
paratus.

[0015] Further, the invention provides an autonomous
driving vehicle comprising such an apparatus.

[0016] Moreover, the invention provides a robot sys-
tem comprising such an apparatus.

[0017] Oneidea of the presentinvention is that bound-
aries of an area, such as road boundaries where the area
is aroad, extracted from an occupancy grid, can be used
in advantageous manner for detecting locations where
branches of the area diverge or converge, such as high-
way exits or entries, for example. With the invention, the
detection of such locations may in particular also be
based on the road boundary information alone. Using the
extracted road boundary for detecting such a location
can hence help to avoid relying on maps or markings and
traffic signs, or can help to avoid relying on maps or mark-
ings and traffic signs alone. Using the invention, the di-
verging/converging locations can still be detected even
if information about such locations cannot be obtained
from markings or signs, e.g. because lane or road marks
or traffic signs are absent or damaged, or if information
about such locations is missing in backend data such as
a stored road map.

[0018] Accordingly, the invention may help to improve,
for example, highway exit maneuvers, highway entry
maneuvers or highway interchange maneuvers in assist-
ed driving or in partially or fully automated driving. The
invention may also be useful to detect a diversion of the
road if such adiversion occurs. The invention furthermore
can also be used if the area on the whole is not straight,
but bent or curved, such as a winding road or highway.
Furthermore, the invention may be useful to improve, for
example, the control of autonomously moving robot sys-
tems or the like.

[0019] Hence, using the invention, an improved, effi-
cient, reliable and versatile detection of locations where
branches, in particular branches of a free, unoccupied
area, converge or diverge is made possible based on an
occupancy grid.

[0020] Advantageous improvements and develop-
ments of the invention are contained in the dependent
claims as well as in the description, which refers to the
figures of the drawings.

[0021] The grid cells may comprise the value for de-
scribing a probability for a degree of occupancy at a cor-
responding position in the environment. For example, a
high value in the grid cell may indicate a low probability
of occupancy at the corresponding position in the envi-
ronment, while a low value in the grid cell may indicate
a high probability for an occupancy at the corresponding
position in the environment. However, alternatively or ad-
ditionally grid cells in the occupancy grid may also com-
prise values for describing the probability of free position
in the environment. In one example, the sum of the prob-
ability for free position and the probability for an occu-
pancy in a grid cell may be 1. However, it may be also

10

15

20

25

30

35

40

45

50

55

possible to consider an uncertainty for the occupancy
and/or the free positions. In such a case, the sum of the
probabilities may be different from 1, in particular lower
than 1. Furthermore, it may be also possible that no
knowledge of a degree of occupancy is available for a
grid cell. In this case, the value of the respective grid cell
may be set to a particular value or the respective grid cell
may comprise a particular flag for indicating that no reli-
able value is available for the respective grid cell.
[0022] In one embodiment, the occupancy grid com-
prises a two-dimensional representation of grid cells
specifying a probability for an occupancy corresponding
to an associated position in the environment of the object.
Forinstance, foreach grid cell, a probability of occupancy
can be determined and a value corresponding to this
probability may be assigned to that grid cell. Based on
this probability, it may be possible to determine whether
or not an object may be located at a position correspond-
ing to the grid cell. In particular, by comparing the values,
especially the probabilities assigned to the respective
grid cells, it may be possible to identify positions in the
occupancy grid at which atransition between afree space
and a space occupied by an object may occur. In partic-
ular, it may be possible that a transition between a grid
cell that can be considered free based on the probability
value, and a grid cell of unknown degree of occupancy,
may also be considered a transition from a free space to
a possibly occupied space. Yet, it is understood that any
other kind of occupancy grid for specifying a degree of
occupancy in the environment of the object may be pos-
sible, too.

[0023] In a development, the occupancy grid may in
particular be computed based on Dempster-Shafer The-
ory. The Dempster-Shafer Theory is a very suitable ap-
proach for determining the occupancy in the environment
of the object. However, it is understood that any other
approach for determining and specifying the occupancy
in the environment of the object may be possible, too.
[0024] In accordance with a preferred development of
the invention, the boundaries of the area are detected
based on the occupancy grid using chains of region of
interest windows. This provides for an efficient and reli-
able detection of the boundaries.

[0025] In particular, detecting the boundaries may in-
clude, for each boundary, detecting successive portions
of the boundary in a plurality of successive region of in-
terest windows in the occupancy grid, based on the val-
ues of the grid cells in the region of interest windows.
This may help to limit the computational effort for detect-
ing the boundaries.

[0026] In a development, detecting the boundaries in-
cludes detecting a first boundary on a first side of the
object in a direction transverse, in particular orthogonal,
to a direction of movement of the object, and further in-
cludes detecting a second boundary on a second side of
the object essentially opposite the first side. This may be
advantageous in particular if the object moves within the
area between and generally along boundaries thereof,
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such as a vehicle moving on a highway.

[0027] Detecting the first boundary and detecting the
second boundary may in a development each include
detecting a starting point in the occupancy grid in the
direction transverse, in particular orthogonal, to the di-
rection of movement of the object, assigning an initial
region of interest window in the occupancy grid surround-
ing the starting point, and beginning with the initial region
of interest window forming a chain of region of interest
windows by repeatedly assigning a further region of in-
terest window. The boundaries may hence be efficiently
detected.

[0028] In particular, detecting the first and second
boundaries may include detecting a first starting point on
a left-hand side of the object, in particular in a direction
left of the object and orthogonal to the direction of move-
ment of the object, and may further include detecting a
second starting point on a right-hand side of the object,
in particular in a direction right of the object and orthog-
onal to the direction of movement of the object.

[0029] The starting point may in particular be a center
point of the initial region of interest window.

[0030] The step ofdetecting the boundaries mayin par-
ticular include terminating the detection of each of the
first and second boundaries if the current region of inter-
est window exceeds a grid boundary of the occupancy
grid or if a sharp change of the orientation of the first or
second boundary is detected in the current region of in-
terest window. Accordingly, the process of detecting the
respective boundary may be stopped if there is no more
grid data available to further follow that boundary, or may
be stopped if it is possible to conclude that the presently
detected boundary might join another boundary of the
area, e.g. at a sharp corner.

[0031] In particular, detecting the first boundary and
detecting the second boundary may each include termi-
nating the formation of a further region of interest window
if the current region of interest window exceeds the grid
boundary or if a sharp change of the orientation of the
first or second boundary is detected in the current region
of interest window.

[0032] In a development of the invention, the step of
detecting the boundaries includes obtaining a distance,
in the direction transverse, in particular orthogonal, to the
direction of movement of the object, between the firstand
second boundaries detected, at a plurality of points
spaced from each other along the direction of movement
of the object. Moreover, in this development, the step of
detecting the boundaries further includes initiating a de-
tection of at least one further boundary of the area if the
distance between the first and second boundaries at the
plurality of points continuously increases as the distance
of the point from the object increases. In this way, a con-
tinuous increase in the distance values obtained for the
spaced points may provide an indication that a location
where branches of the area diverge could be present,
such as a highway exit, for example. Procedures for re-
liably finding out whether such a diverging location is
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present, or for corroborating the indication just men-
tioned, and hence additional computational effort, may
accordingly be triggered based on this indication as
needed.

[0033] The points at which the distance is obtained
may be spaced in accordance with a predetermined pat-
tern. In particular, the points may be equidistantly ar-
ranged, i.e. equally spaced.

[0034] The plurality of points at which the distance be-
tween the first and second boundaries is obtained may
extend from the object as far as the grid boundary of the
occupancy grid, in particular generally in the direction of
movement of the object.

[0035] The detection of the further boundary may com-
prise detecting a further starting pointin a direction trans-
verse, in particular orthogonal, to the orientation of the
first or second boundary in a distal end region thereof.
[0036] In particular, the further starting point may be
detected relative to the first or second boundary on a side
thereof on which the object is located. In this way, the
further boundary may be searched for in a region where
an additional boundary of a branch, e.g. of an exit lane,
may be expected if there are two diverging branches.
The side on which detection of the further starting point
is performed may be chosen based on information re-
garding the relative position of the object and of the start-
ing point previously used for the detection of the one of
the first and second boundaries relative to which the fur-
ther starting point is detected.

[0037] The detection of the at least one further bound-
ary may be initiated to proceed in a direction pointing
towards an interior of the occupancy grid. In particular,
the detection of the at least one further boundary may be
initiated to proceed in a manner so as to approach the
object. Hence, if branches of the area are present, these
can be followed from a grid boundary, e.g. lying generally
ahead of the object, towards the object. If branches are
present, additional boundaries between the first and sec-
ond boundaries already detected may in this way be re-
liably found. Also, if there are no branches, this may also
be confirmed reliably in this way.

[0038] In a development, the initiation of the detection
of at least one further boundary includes initiating a de-
tection of a third boundary of the area starting from a
distal end region of the detected second boundary and
includes initiating a detection of a fourth boundary start-
ing from a distal end region of the detected firstboundary.
In a typical branching situation, at least two additional
boundaries can be expected to be present between the
first and second boundaries, which may accordingly be
reliably detected.

[0039] The detection of the third boundary may in par-
ticular include, starting from the distal end region of the
detected second boundary, detecting a starting point for
the detection of the third boundary in a direction trans-
verse, in particular orthogonal, to the orientation of the
second boundary in the distal end region thereof. In par-
ticular, after detecting the starting point for detecting the
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third boundary, the third boundary may be detected in a
direction so as to approach the object. The starting point
for detecting the third boundary may in particular be de-
tected relative to the second boundary on a side thereof
on which the object is located.

[0040] The detection ofthe fourth boundary may in par-
ticular include, starting from the distal end region of the
detected first boundary, detecting a starting point for the
detection of the fourth boundary in a direction transverse,
in particular orthogonal, to the orientation of the first
boundary in the distal end region thereof. In particular,
after detecting the starting point for detecting the fourth
boundary, the fourth boundary may be detected in a di-
rection so as to approach the object. The starting point
for detecting the fourth boundary may in particular be
detected relative to the first boundary on a side thereof
on which the object is located.

[0041] In accordance with a development of the inven-
tion, the step of detecting the boundaries includes ob-
taining lengths of each of the first and second boundaries
detected and calculating a difference between the
lengths of the first and second boundaries, and further
includes initiating a detection of at least one further
boundary of the area if the difference calculated is differ-
ent from zero or exceeds a non-zero threshold value. A
difference in length of the first and second boundaries
may in this manner be used as an indication that a con-
verging location could be present. Procedures for reliably
confirming whether such a converging location is present
may accordingly be triggered based on this indication,
and the corresponding computational effort may thus be
efficiently used.

[0042] The detection of the at least one further bound-
ary may comprise detecting a further starting point in a
direction transverse, in particular orthogonal, to the ori-
entation of a longer one of the first and second bounda-
ries in a distal end region thereof. In this way, if the area
has another boundary that does not correspond to or
align with the shorter one of the first or second bounda-
ries, it can be reliably found. The longer one of the first
and second boundaries may be selected based on the
lengths thereof obtained, mentioned above.

[0043] In a development, the further starting point is
detected relative to the longer one of the first and second
boundaries on a side thereof on which the object is lo-
cated. The side on which detection of the further starting
point is performed may in particular be chosen based on
information regarding the relative position of the object
and of the starting point previously used for the detection
of the longer one of the first and second boundaries rel-
ative to which the further starting point is detected.
[0044] In a development, the further boundary detect-
ed is a third boundary of the area and the detection of
the third boundary is initiated to proceed in a direction
towards an interior of the occupancy grid. In particular,
the detection of the third boundary is initiated to proceed
in a manner so as to approach the object.

[0045] In accordance with a development, the detec-
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tion of the third boundary may be terminated in an end
region of the third boundary, and the step of detecting
the boundaries may further include initiating a detection
of a fourth boundary of the area starting from the end
region of the detected third boundary. In this develop-
ment, the detection of the third boundary may in particular
be terminated if the current region of interest window as-
signed for detecting the third boundary exceeds a grid
boundary of the occupancy grid.

[0046] The detection ofthe fourth boundary mayin par-
ticular include, starting from the end region of the detect-
ed third boundary, detecting a starting point for the de-
tection of the fourth boundary in a direction transverse,
in particular orthogonal, to the orientation of the third
boundary in the end region thereof. In particular, after
detecting the starting point for detecting the fourth bound-
ary, the fourth boundary may be detected in a direction
so as to approach the object. The starting point for de-
tecting the fourth boundary may in particular be detected
relative to the third boundary on a side thereof on which
the object is located. In an embodiment, the detection of
the fourth boundary may be terminated upon detecting
a sharp change in boundary orientation.

[0047] The detection of the further boundary, in partic-
ular each of the third and fourth boundaries, in a devel-
opment includes assigning an initial region of interest
window in the occupancy grid surrounding the starting
point for the further boundary, in particular the third or
fourth boundary, and beginning with the initial region of
interest window forming a chain of region of interest win-
dows by repeatedly assigning a further region of interest
window. The starting point may in particular be a center
point of the respective initial region of interest window.
In this manner, further boundaries may be efficiently and
reliably found.

[0048] In a development of the invention, identifying a
number of boundaries includes comparing the bounda-
ries detected. In this way, it may be determined if any of
the boundaries detected are aligned with each other. In
particular, the boundaries may be compared where re-
gions of interest windows associated with different
boundaries detected touch or overlap. Boundaries found
that correspond to each other can hence be merged to
asingle boundary, such thatthe correct number of bound-
aries may be identified.

[0049] In particular, in embodiments of the invention,
the presence of a location where branches diverge or
converge may be signalled if the number of boundaries
isidentified to exceed 2. The presence ofa location where
branches of the area diverge may in particular be sig-
nalled if the number of boundaries identified is 4. Fur-
thermore, the presence of a location where branches of
the area converge may in particular be signalled if the
number of boundaries identified is 3 or 4.

[0050] In the case of each of the boundaries, the end
region of the boundary may in particular correspond to
or be part of the last region of interest window of the chain
of region of interest windows associated with that bound-
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ary.
[0051] Each of the starting points may be detected as
a starting transition point in the occupancy grid relating
to a transition between a free and an occupied grid cell.
However, as indicated above, it may happen that for one
or some grid cells, no reliable probability of occupancy
is available when the grid is generated, for example be-
cause it is not possible to compute a probability of occu-
pancy for that cell or because the position of that cell is
outside a range of the sensor(s). The starting transition
point serving as one of the starting points may hence
also, in some instances, be a point at which a transition
from a free grid cell to a grid cell of unknown or uncertain
degree of occupancy occurs.

[0052] In particular, each of the boundaries of the area
may be detected using a method for detecting aboundary
in the environment of the object, wherein the method for
detecting the boundary comprises steps of detecting a
starting transition point, as the above-mentioned starting
point, in the occupancy grid based on the values of the
grid cells in the occupancy grid and assigning a region
of interest window in the occupancy grid surrounding the
identified starting transition point, and wherein further,
the method for detecting the boundary comprises steps
of detecting further transition points in the occupancy grid
based on the values of the grid cells in the region of in-
terest window and combining the detected starting tran-
sition point and the detected further transition points to
a number of polygon chains for specifying a boundary in
the occupancy grid. Accordingly, by limiting the detailed
analysis of occupancy grid data for detecting the bound-
ary to particular region of interest windows, the detection
of the transition between free and occupied cells, and/or
between free cells and cells of unknown or uncertain de-
gree of occupancy, in the occupancy grid can be im-
proved, and especially, it is no longer necessary to ana-
lyze the data of the whole occupancy grid for obtaining
the boundary, but only data in the identified region of
interest windows. Thus, the detection of the boundary
can be accelerated and the computational effort can be
reduced. Furthermore, by a successive analysis of a plu-
rality of region of interest windows, the information of a
previously analyzed region of interest windows can be
used to verify and prove the detected boundary in suc-
cessive region of interest windows. Accordingly, the re-
liability of a detected boundary can be improved. An ef-
ficiently and reliable detection of the boundaries between
free and occupied space becomes hence possible.
[0053] Depending on the transitions in the region of
interest window, a number of one or more polygon chains
may be determined in each region of interest window. In
particular, even though it may be possible in some cases
that the transition points may be combined to one single
polygon chain, the presentinvention is not limited to only
one polygon chain in each region of interest window.
Moreover, it may be also possible that more than one
polygon chain may be determined in a region of interest
window, i.e. not all transition points in a region of interest
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window may be combined to a single polygon chain.
[0054] For example, in order to detect a starting tran-
sition point, the values in the occupancy grid which lay
on a line along the direction in which the starting point is
to be detected may be analyzed in order to identify a
predetermined transition. For example, it may be possi-
ble to determine a starting point at a position where a
value in the occupancy grid exceeds a predetermined
threshold or at which the value increases about a prede-
termined ratio. However, it is understood that any other
scheme for determining a transition between free and
occupied grid cells in the occupancy grid may be also
possible.

[0055] In a possible embodiment, for detecting the
boundaries, the size of the region of interest window may
be adapted based on a distance between the object and
a center of the region of interest window. Especially, for
example, if one dimension of a region of interest window
is almost orthogonal to the direction of movement of the
object, the size of this dimension may be adapted de-
pending on the distance between a center point of the
region of interest window and the object. Furthermore, a
dimension which is almost parallel to the moving direction
of the object may be kept constant, or may be also adapt-
ed depending on the distance between the center of the
region of interest window and the object. Furthermore, it
may be also possible to use a fixed, predetermined size
for the region of interest window. However, it is under-
stood that any other possible approach for selecting the
size or at least one dimension of the region of interest
window may be also possible.

[0056] In a possible embodiment, for detecting the
boundaries using chains of region of interest windows, a
center point for a further region of interest window may
be determined based on the further transition points in a
currentregion of interest window. Further, it may be also
possible to take into account a direction between the two
most distant transition points of a polygon chain in the
region of interest window. Especially, it may be possible
to consider a weighted average of the center of a region
of interest window and the further transition points of the
region of interest window or of a polygon chain.

[0057] In a possible embodiment, for detecting the
boundaries using chains of region of interest windows,
the orientation of a further region of interest window may
be determined based on the further transition points in
the current region of interest window. For example, it may
be also possible to take into account the direction be-
tween the two most distant transition points in a polygon
chain of the region of interest window. However, it is un-
derstood that any other approach for selecting an orien-
tation of the further region of interest window may be also
possible. By adapting the orientation of the region of in-
terest window and/or the center point of the region of
interest window, it may be possible to adapt the region
of interest windows even if a boundary between free and
occupied grid cells, and/or in some instances between
free cells and cells of unknown state, in the occupancy
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grid is not straight forward. Thus, the accuracy of bound-
ary detection can be improved.

[0058] In a possible embodiment, for detecting the
boundaries using chains of region of interest windows,
the center point and/or the orientation of a further region
of interest window is based on a weighted average of the
further transition points and the center of the current re-
gion of interest window.

[0059] In a possible embodiment, for detecting the
boundaries using chains of region of interest windows,
the center point and/or the orientation of a further region
ofinterest window is based on the further transition points
relating to the longest polygon chain in the current region
of interest window.

[0060] In a possible embodiment, for detecting the
boundaries using chains of region of interest windows,
the orientation of the further region of interest window is
only adapted if a difference between the orientation of
the current region of interest window and the desired ori-
entation of the next region of interest window is less than
a predetermined threshold value. By limiting the acqui-
sition of the orientation for the region of interest window
to a particular threshold value, the reliability and the ac-
curacy may be further improved. In particular, failures of
outliners to an inaccuracy or an error in the detection of
the environment may be compensated. Especially, the
threshold value for limiting the takeover of the orientation
for the region of interest window may be dynamically
adapted. For example, the threshold value may be adapt-
ed depending on previous changes of the orientation for
the region of interest windows. Hence, if only small
changes occur in the orientation between successive re-
gion of interestwindows, it may be assumed, for instance,
that the boundary relates to an almost straight road, and
consequently no sharp curves will occur. However, if
higherchanges occurinthe boundary, it may be assumed
that also higher changes in the orientation may be pos-
sible for the successive region of interest windows.
[0061] In a possible embodiment, for detecting the
boundaries using chains of region of interest windows, a
length of a region of interest window and/or a distance
between neighboring region of interest windows is adapt-
ed based on deviation of the orientation between neigh-
boring region of interest windows. For example, if the
orientation between neighboring region of interest win-
dows changes more than a predetermined threshold val-
ue, a road boundary may be considered to be curvy. In
this case, the size / length of the region of interest win-
dows may be reduced or the distance between neigh-
boring region of interest windows may be reduced.
Hence, the accuracy can be increased. Otherwise, if the
orientation between neighboring region of interest win-
dows does not change more than the predetermined
threshold value, the road boundary may be considered
to be less curvy and thus, the size/length of region of
interest windows may be increased and/or the distance
between neighboring region of interest windows may be
increased.
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[0062] In a possible embodiment, during detection of
a boundary, a further region of interest window may be
only determined for the chain of region of interest win-
dows associated with that boundary if a current region
of interest window does not exceed a grid boundary of
the occupancy grid. Otherwise, if the current region of
interest window reaches a grid boundary of the occupan-
cy grid, the determination of further region of interest win-
dows may be stopped, since no further data for identifying
the boundary can be provided by the occupancy grid. In
this way, the determination of the boundaries may be
performed step by step by successively analyzing the
data in the occupancy grid individually for each region of
interest window until a border of the occupancy grid is
reached.

[0063] In a development, the object is a vehicle and
the location, the presence of which is detected, corre-
sponds to the location of an exit from a road or an entry
to a road. In particular, the location may correspond to
an exit from or an entry to a multi-lane road, more par-
ticularly to an exit from or an entry to a highway or free-
way.

[0064] In further developments, the occupancy detec-
tor may comprise an optical sensor and/or a radar sensor
and/or an ultrasonic sensor and/or a lidar sensor. How-
ever, any other appropriate sensor for scanning the en-
vironment of the object may be also possible. Especially,
data from more than one sensor, and in particular data
from a plurality of heterogeneous sensors may be used
for scanning the environment and providing the occupan-
cy grid data.

[0065] The robot system proposed by the invention
may be an industrial robot system, or may be a robot
system for use such as, for example, delivery of items,
or the robot system may be a robot system for domestic
use.

[0066] It should be noted that the developments, im-
provements and variants of the invention described
above may be applied to each of the method, the appa-
ratus, the advanced driver assistance system, the auton-
omous driving vehicle and the robot system of the inven-
tion in analogous manner.

[0067] The developments, improvements and en-
hancements described above may be arbitrarily com-
bined with each other whenever this makes sense. Fur-
thermore, other possible developments, enhancements
and implementations of the invention may comprise com-
binations of features of the invention which have been
described above or will be explained in the following in
relation to the detailed description of embodiments, even
where such a combination has not been expressly men-
tioned.

Brief description of the drawings
[0068] The invention will be explained in the following

with reference to the schematic figures of the drawings,
which illustrate embodiments of the invention, wherein:
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Fig. 1 displays a typical exit scenario on a highway,
as well as a vehicle travelling along the high-
way, in schematic manner;

Fig. 2 displays atypical entry scenario on a highway,
as well as a vehicle travelling along the high-
way, in schematic manner;

Fig. 3 illustrates in schematic manner the detection
of firstand second road boundaries for detect-
ing the exit of Fig. 1 using a method according
to a first embodiment;

illustrates in schematic manner the detection
of third and fourth road boundaries for detect-
ing the exit of Fig. 1 in accordance with the
first embodiment;

Fig. 4

Fig. 5 displays a schematic flowchart illustrating the

method of the first embodiment;
Fig. 6 illustrates in schematic manner the detection
of firstand second road boundaries for detect-
ing the entry of Fig. 2 using a method accord-
ing to a second embodiment;
Fig. 7 illustrates in schematic manner the detection
of third and fourth road boundaries for detect-
ing the entry of Fig. 2 in accordance with the
second embodiment;
Fig. 8 displays a schematic flowchart illustrating the
method of the second embodiment;
Fig. 9 shows a block diagram schematically illustrat-
ing an apparatus according to an embodiment;
Fig. 10  shows an occupancy grid which may be used
for detecting boundaries in embodiments of
the invention;
Fig. 11 shows a region of interest window which may
be used for detecting boundaries in embodi-
ments of the invention; and
Fig. 12  shows a flowchart illustrating a method for de-
tecting boundaries as may be used in the em-
bodiments of the invention.

[0069] Theencloseddrawings areintendedtoillustrate
embodiments of the invention so that the invention may
be further understood. The drawings, in conjunction with
the description, are intended to explain concepts and
principles of the invention. Other embodiments and many
of the advantages described may be inferred from the
drawings. Elements of the drawings are not necessarily
drawn to scale.

[0070] Elements, features and components which are
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identical or which have the same function or effect have
been labeled in the drawings using the same reference
signs, except where explicitly stated otherwise.

Detailed description of embodiments

[0071] In Fig. 1, a typical highway exit situation is dis-
played. A section of a highway 1 is displayed in Fig. 1.
The section shown is straight, but it should be noted that
the highway 1 also may be curved.

[0072] A vehicle Vis travelling in Fig. 1 from left to right
along a direction of movement 2. In Fig. 1, an exit 3 to
the left of the highway 1 as seen in the travelling direction
2 of the vehicle V is illustrated. However, the exit 3 could
also be located to the right of the highway 1, depending
on the kind of highway or freeway as well as on the coun-
try and possibly on other circumstances. It may be de-
sired that the vehicle V use the exit 3 for leaving the high-
way 1, as indicated schematically by an arrow 4.

[0073] At the location 100 of the exit 3, an area A of
the highway 1 in the environment of the vehicle V splits
into two branches 41, 42, wherein the branch 42 corre-
sponds to an exit lane and the branch 41 corresponds to
main highway lanes which continue.

[0074] In the exemplary situation in Fig. 1, a first, left
road boundary 21 is present on a first side 31 on the left
of the vehicle V as seen in the direction of movement 2,
while a second, right road boundary 22 is present on the
right of the vehicle V on a second side 32 thereof, essen-
tially opposite the first side 31. In Fig. 1, the second road
boundary 22 is essentially straight. Beyond the exit 3,
the branch 41 is bounded laterally by a portion of the road
boundary 22 and by a third road boundary 23. The branch
42 is bounded laterally by a portion of the firstroad bound-
ary 21 as well as by a fourth road boundary 24. The third
and fourth road boundaries 23 and 24 touch at a point
101 and form an acute angle with each other such that
a boundary of the area A, formed by joining boundaries
23 and 24, sharply changes there.

[0075] Fig. 2 schematically depicts a typical highway
entry situation. In Fig. 2 as well, a vehicle V is moving
from left to right along a direction of movement 2. An
entry 5 converges towards the other lanes of the highway
1 from the right as seen when looking in direction 2. An-
other vehicle (not illustrated) might prepare to enter the
highway 1 using the entry 5, as schematically indicated
by an arrow 6. Of course, in alternative situations, the
entry 5 could converge towards the main lanes from the
left instead.

[0076] In Fig. 2, at the location 200 of the entry 5, an
area A of the highway 1 in the environment of the vehicle
V has two branches 41’, 42’ which converge towards
each other. The branch 42’ corresponds to an entry lane,
while the branch 41’ corresponds to main highway lanes.
[0077] InFig. 2, afirst, left road boundary 21’ on a first
side 31 on the left of the vehicle V as seen in the direction
of movement 2 is essentially straight. A second, right
road boundary 22’ is present on the right of the vehicle
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V on a second side 32 thereof, essentially opposite the
first side 31. The second road boundary 22’ is shorter
than the firstroad boundary 21’. The branch 41’ is bound-
ed laterally by a portion of the road boundary 21’ and by
road boundary 22’, while the branch 42’ is bounded lat-
erally by a portion of a third road boundary 23’ as well as
by a fourth road boundary 24’. Beyond the entry 5, the
highway 1 is laterally bounded on the right by another
portion of the third road boundary 23’, and by another
portion of the first road boundary 21’ on the left. The sec-
ond and fourth road boundaries 22’ and 24’ touch at a
point 201 and form an acute angle with each other such
that a boundary of the area A formed by joining bound-
aries 22’, 24’ sharply changes there.

[0078] A method according to a first embodiment, con-
figured as a method for detecting the exit 3 of the highway
1 by road boundary extraction based on an occupancy
grid-map, will be described in the following with reference
to Figs. 3-5.

[0079] In a first step S1, an occupancy grid O is pro-
vided. In order to detect the exit 3, if such an exit is
present, the road boundaries 21-24 are detected based
on values of grid cells of the occupancy grid O as de-
scribed in the following with reference to steps S2-S5.
[0080] Instep S2, the road boundary 21 is detected on
the first side 31 along a direction 7 orthogonal to the di-
rection of movement 2, and the road boundary 22 is de-
tected on the second side 32, essentially opposite the
first side 31. To detect each of the boundaries 21, 22,
starting from the vehicle V in the lateral direction 7, a
region of interest window W is assigned and the road
boundary 21 or 22 is extracted inside that initial region
of interest window W. Then, by making use of further
road boundary points found in this initial region of interest
window W, further region of interest windows W are as-
signed. This process is generally continued until a grid
boundary 8 of the occupancy grid O is exceeded by the
current region of interest window W or until a sharp
change in road boundary direction is found in the current
region of interest window W. In Fig. 3, for both boundaries
21, 22, the detection of these boundaries is in each case
stopped upon reaching the grid boundary 8.

[0081] For detecting the first road boundary 21, a first
starting point SP1 is detected as a point of the road
boundary 21, based on an analysis of the values of the
grid cells of the occupancy grid O on a line along the
transverse direction 7, orthogonal to the direction of
movement 2. SP1 is detected on a line along direction 7
extending from the vehicle 7 orthogonal to the direction
of movement 2, although in the figures, the vehicle V may
be illustrated offset in direction 2 with respect to the start-
ing point SP1. The process for finding SP1, for example,
will be explained below in more detail with reference to
Fig. 10. Aninitial region of interest window W surrounding
the starting point SP1 is assigned in the occupancy grid
0. Regarding the second road boundary 22, the process
is the same, except that a second starting point SP2 is
detected on the other side 32 of the vehicle V.
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[0082] The road boundaries 21, 22 are represented in
the form of one or more polygon chains in each associ-
atedregion of interestwindow W. Achain C1, C2 of region
of interest windows W is assigned along each of the road
boundaries 21, 22. In other words, for each boundary 21
and 22, successive portions of the boundary 21 or 22 are
detected in the plurality of successive region of interest
windows W based on the values of the grid cells in these
region of interest windows W.

[0083] Once the left and right road boundaries 21 and
22 in the occupancy grid O have been detected, a dis-
tance 9 or width between the boundaries 21, 22 is cal-
culated at specified intervals generally in the forward di-
rection of the highway 1 in step S3. Specifically, in step
S3, the distance 9is obtained in the direction 7 transverse
to the direction of movement 2 at a plurality of points 10.
The points 10 are spaced from each other along the di-
rection 2, for example equidistantly. This may be done
from the vehicle V until the grid boundary 8 is reached,
using as many points 10 as required.

[0084] If there is a continuous increase in the distance
9, in Fig. 3 towards the right, there may be a chance that
an exit 3 exists and that therefore, one of the road bound-
aries 21, 22 isbent. Accordingly, in step S4, ifthe distance
9 between the first and second road boundaries 21, 22
at the points 10 continuously increases as the distance
of the points 10 from the vehicle V increases, a detection
of further road boundaries is iniated in step S5. Other-
wise, if the distance 9 does not show a continuous in-
crease, the method continues with step S41, where it is
determined that currently, an exit 3 is not present. For
example, the distances 9 at the points 10 may be eval-
uated in step S4 with respect to a threshold for the vari-
ation of the distance 9 from one point 10 to another. Yet,
other suitable approaches are conceivable.

[0085] If a scenario of increasing distance or width 9
is detected as in Fig. 3, the method continues with step
S5, in which further road boundary detection processes
are initiated to proceed from the ends, within the occu-
pancy grid map O, of each of the already detected left
and right road boundaries 21 and 22.

[0086] Reference is made to Fig. 4. In step S5, a de-
tection of the third road boundary 23 is started from a
distal end region 14 of the second boundary 22, which
may correspond to the last region of interest window W
of chain C2. Similarly, detection of the fourth road bound-
ary 24 is started from a distal end region 13 of the de-
tected first boundary 21, which may correspond to the
last region of interest window W of chain C1.

[0087] The detection of each of the third and fourth
boundaries 23, 24 is initiated to proceed in directions 15,
16 pointing towards an interior | of the occupancy grid O
and hence, in Fig. 3 and 4, ina manner generally towards,
i.e. so as to approach, the vehicle V. Using the same
detection process as described for the boundaries 21
and 22, a chain C3 of regions of interest windows W is
assigned for the third road boundary 23, and another
chain C4 of regions of interest windows W is assigned
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for the fourth road boundary 24.

[0088] Specifically, in the embodiment, in order to de-
tect the third road boundary 23, a third starting point SP3
is detected in a direction 12 transverse, in particular or-
thogonal, to the orientation of the second boundary 22
in the distal end region 14. Relative to the second bound-
ary 22, the third starting point SP3 is detected on a side
of the second boundary 22 on which the vehicle V is
located. In other words, road boundary points are
searched for to the left of the right road boundary 22 in
the situation of Fig. 4.

[0089] Moreover, to detect the fourth road boundary
24, a fourth starting point SP4 is detected in a direction
11 transverse, in particular orthogonal, to the orientation
of the first boundary 21 in the distal end region 13. Rel-
ative to the first boundary 21, the fourth starting point
SP4 is detected on a side of the first boundary 21 on
which the vehicle V is located. In the situation of Fig. 4,
road boundary points are thus also searched for to the
right of the left road boundary 21.

[0090] As inthe case of the boundaries 21 and 22, the
detection of boundaries 23 and 24 will be terminated in
each case if the current region of interest window W ex-
ceeds a grid boundary 8 of the occupancy grid O or if a
sharp change of the orientation of the third or fourth
boundary 23, 24, respectively, is detected in the current
region of interest window W. In the situation of Fig. 4,
both C3 and C4 terminate where a sharp change in
boundary orientation is detected at point 101.

[0091] In step S6, the number of boundaries 21-24 de-
tected is identified. Step S6 involves comparing the
boundaries 21-24 that have been detected in order to
determine whether any of these are aligned. In particular,
this may be performed where regions of interest windows
W of two different boundaries touch or overlap, such as
at point 101, see Fig. 4. If one or both of the detected
further road boundaries 23 and 24 is/are aligned with one
of the previously detected road boundaries 21, 22, the
aligned road boundaries may be fused to form a single
boundary in an optional further step S61.

[0092] Otherwise, if no such alignmentis found, in Fig.
4, a total number of boundaries 21-24 which equals four
results. Hence, in step S7, the presence of the exit 3 is
identified and signalled, based on the analysis of the road
boundaries 21-24 as described before, depending on the
number of road boundaries 21-24 found. If, as in the sce-
nario depicted in Fig. 1, four road boundaries 21-24 are
identified, the number of road boundaries is four, and the
presence of the exit 3 as a location 100 where the area
A diverges into two branches 41, 42 is signalled if this
number of road boundaries is found.

[0093] A method according to a second embodiment,
configured as a method for detecting the entry 5 of the
highway 1 by road boundary extraction based on an oc-
cupancy grid-map, will be described in the following with
reference to Figs. 6-8.

[0094] Step S1’ corresponds to step S1 of the method
according to the first embodiment.
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[0095] Instep S2, a left, first road boundary 21’ and a
right, second road boundary 22’ are detected. The de-
tection of the first and second road boundaries 21’, 22’
is performed in a manner analogous to the first embod-
iment. Reference is therefore made to the explanations
above. Inthe case of Fig. 6, detection of the firstboundary
21’isterminated upon reaching the grid boundary 8, while
detection of the second boundary 22’ is terminated upon
detection of the sharp change of boundary orientation at
point 201.

[0096] Instep S3’, the lengths L1 and L2 of each of the
first and second boundaries 21’, 22’ are determined, i.e.
calculated, and a difference of L1 and L2 is calculated.

[0097] There may be no or no significant difference
between L1 and L2. In that case, the method proceeds
to step S31’, in which it is determined that currently, an
entry 5 is not present.

[0098] Alternatively, as in the situation of Figs. 6 and
7, there is a difference in the lengths L1, L2. In Figs. 6,
7,L1> L2, i.e. the first road boundary 21’ is longer than
the second road boundary 22’. Whether one of the bound-
aries 21’, 22’ is longer than the other may, for example,
be determined based on whether the difference of L1 and
L2, or its absolute value, exceeds a non-zero threshold
value which may be predetermined. A difference in the
lenghts L1 and L2 could be due to an entry scenario such
as shown in Fig. 2, 6, 7.

[0099] Instep S4’, a detection of the third road bound-
ary 23 is initiated if in step S3, it is determined that there
is a difference of L1 and L2 or that this difference or the
absolute value thereof exceeds the threshold. For this
purpose, a third starting point SP3’ is detected in a direc-
tion 11’ transverse, in particular orthogonal, to the orien-
tation of the first road boundary 21’ in a distal end region
13’ thereof, which may correspond to the last region of
interest window W of chain C1 assigned for detecting the
first road boundary 21’. In other words, the detection of
the third road boundary 23’ is initiated starting from the
end region 13’ of the longer one of the first and second
road boundaries 21’, 22°, which in case of Figs. 6, 7 is
the first boundary 21°.

[0100] The third starting point SP3’ is detected relative
to the first road boundary 21’ on a side thereof on which
the object V is located, i.e. in the scenario of Figs. 6, 7,
further road boundary points are searched for to the right
of the left road boundary 21°. If, contrary to the situation
of Figs. 6, 7, the right road boundary 22’ was the longer
one, further road boundary points would be searched for
to the left of the right road boundary 22'.

[0101] Fig. 7 shows that the detection of the third road
boundary 23’ is initiated to proceed in a direction 15’ to-
wards the interior | of the occupancy grid O. Therefore,
in Fig. 7, the detection of the boundary 23’ is started in
a direction generally towards, i.e. so as to approach, the
vehicle V, even though the boundary 23’ may later bend
away from the vehicle V again, as in Fig. 7. The detection
of the third road boundary 23’ is performed generally in
the same manner as for the first and second road bound-
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aries 21°, 22’. Hence, a chain C3 of region of interest
windows W is assigned, and successively assigning re-
gion of interest windows W for extracting the third bound-
ary 23’ is continued in Fig. 7 until the current region of
interest window W exceeds a grid boundary 8 of the oc-
cupancy grid O.

[0102] In step S5, the further, third road boundary 23’
is compared to the first and second road boundaries 21,
22'. If the third boundary 23’ is aligned with any one of
the boundaries 21’, 22, i.e. is aligned with the second
road boundary 22’ for example, in optional step S51’, the
aligned road boundaries may be fused to form a single
boundary.

[0103] Otherwise, if no such alignment with any of the
first and second road boundaries 21’, 22’ is found to be
present, detection of the fourth road boundary 24’ is ini-
tiated in step S6’ starting from the end region 17’ of the
detected third boundary 23’, which may correspond to
the lastregion of interest window W assigned within chain
Cs.

[0104] In order to detect the fourth road boundary 24’,
a fourth starting point SP4’ is detected in a direction 19’
transverse, in particular orthogonal, to the orientation of
the third road boundary 23’ in the end region 17’ of the
latter.

[0105] The further starting point SP4’ is detected rela-
tive to the third boundary 23’ on a side thereof on which
the vehicle V is located. Then, the detection of the fourth
boundary 24’ is initiated to proceed in a direction 16’ to-
wards the interior | of the occupancy grid O, away from
the grid boundary 8. The detection process of the fourth
road boundary 24’ is terminated at point 201, where the
fourth road boundary 24’ joins the second road boundary
22’ and the road boundary sharply changes direction.
The third road boundary 23’ is a right-hand boundary of
the area A, seen in direction 2. Seen in the extraction
direction 15 of the third road boundary 23’, the fourth
road boundary 24’ is searched for to the right of road
boundary 23'.

[0106] Instep S7’, the number of road boundaries 21’-
24’ is identified. In Fig. 7, four road boundaries 21’-24’
have been found. Yet, in case the entry 5 is relatively far
ahead of the vehicle V, it may be that the occupancy grid
map O still lacks some information about that area, for
which reason the fourth road boundary 24’ may some-
times be relatively hard to detect.

[0107] Hence, the presence of the entry 5 may be sig-
nalled in step S7’ in accordance with the second embod-
iment if the number of road boundaries found is three or
four.

[0108] In an optional step S8’, following step S7’, the
result obtained may be cross-verified by calculating the
distance or width 9’ between the first road boundary 21’
and the third road boundary 23’, in the same manner as
discussed above for the distance 9 between the road
boundaries 21 and 22 of the first embodiment. In the sec-
ond embodiment, the distance between the road bound-
aries 21’ and 23’ may hence be checked at specified
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intervals, e.g. in a direction opposite the direction of
movement 2 from the grid boundary 8 ahead of the ve-
hicle V on the right-hand side in Fig. 7, in order to deter-
mine whether that distance increases continuously to-
wards the vehicle V. Step S8 may in particular be useful
if the presence of an entry 5 should be signalled based
on a number of three detected road boundaries 21°-23’.
[0109] The detection of the entry 5 may therefore be
considered analogous to the detection of the exit 3 if per-
formed in an occupancy grid O mirrored about an axis
(not shown in the figures) that is vertical e.g. in Figs. 6,
7 and hence orthogonal to the direction of movement 2.
From another point of view, the detection of entry 5 may
be considered in part analogous to the detection of exit
3, as described above with respect to the first embodi-
ment, by checking distances 9’ e.g. starting from the end
of the occupancy grid O that lies ahead of the vehicle V.
[0110] In a variant, the checking of distances 9’ in ac-
cordance with step S8 might also be performed as a
routine step prior to initiating the detection of the fourth
boundary 24'.

[0111] From the above, it may be seen that the meth-
ods according to the first and second embodiments of
the invention provide for an approach that is analogous
to a structural or syntactic pattern recognition approach
for detecting the location 100 and/or 200, where the
number and pattern of detected boundaries 21-24, 21’-
24’ are taken into consideration. The methods of the first
and second embodiments may also be combined within
an overall method for detecting converging and diverging
locations 200 and 100, i.e. both highway entries 5 and
exits 3.

[0112] Fig. 9 shows a block diagram of an apparatus
300 for detecting the presence of a location 100 and/or
200 in the environment of the vehicle V. The apparatus
300 comprises an occupancy detector 301 and a bound-
ary detecting and processing device 302. The boundary
detecting and processing device 302 in particular com-
prises a boundary detector 320 and a boundary proces-
sor 330.

[0113] The occupancy detector 301 may comprise op-
tical sensors 311, aradar sensor 312 and/or an ultrasonic
sensor 313. However, itis understood that any other sen-
sor for scanning the environment and providing data re-
lated to the occupancy in the environment may also be
possible. For example, the alternative or additional use
of a lidar sensor device is conceivable as well. The sen-
sors 311, 312, 313 may scan the environment and pro-
vide sensor data which can be analyzed. For instance,
occupancy detector 301 may receive the sensor data
from the sensors 311, 312 and/or 313 and process the
sensor data in order to generate an occupancy grid O.
The occupancy grid O may be, for example, a two-di-
mensional representation for specifying at each grid cell
of the occupancy grid O a probability for a degree of oc-
cupancy. For example, the occupancy grid O may be a
two-dimensional matrix where each matrix element rep-
resents a probability value for an occupancy at the re-
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spective position in the environment. In a possible em-
bodiment, the occupancy grid O may be computed based
on Dempster-Shafer Theory. However, any other ap-
proach for computing values of the occupancy grid O
may be also possible.

[0114] The occupancy grid O may be computed by a
processor included in the occupancy detector 301. How-
ever, it may be also possible that the occupancy grid O
may be computed outside the occupancy detector 301
and the occupancy detector 301 receives the data of the
occupancy grid O via a respective interface.

[0115] The grid cells of the occupancy grid O may fur-
ther comprise a value relating to a probability of a free
position at a corresponding position in the environment.
The values for the free and the occupied probability may
be determined independently. In such a case, it may be
possible that the sum of the probability for a free and an
occupied grid cell may be different from 1. In particular,
it may be possible that for at least some of the grid cells
no reliable probability can be determined. In such a case,
the respective grid cell may be set to a predetermined
value or a flag corresponding to respective grid cell may
be set to particular value to indicate that no reliable value
has been determined.

[0116] Based on the data provided by the grid cells of
the occupancy grid O, the boundary detector 320 per-
forms a determination of transition points which relate to
a transition between positions of the occupancy grid O
which may relate to a free grid cell and positions in the
occupancy grid O which relate to an occupied grid cell.
The determination of transition points may include deter-
mining points which relate to a transition between posi-
tions of the occupancy grid O relating to a free grid cell
and positions in the occupancy grid O relating to a grid
cell of unknown or uncertain probability of occupancy.
[0117] The determination of the transition points will
be explained in more detail below.

[0118] In general, boundary detector 320 first detects
a starting point SP corresponding to a starting transition
pointin the occupancy grid O which relates to a first tran-
sition point of a transition between a free and an occupied
grid cell, or in some cases between a free cell and a cell
of unknown or uncertain probability of occupancy, in the
occupancy grid O. This is performed by boundary detec-
tor 320 based on the values of the grid cells.

[0119] Next, a region of interest window is assigned
by boundary detector 320, based on the determined start-
ing transition point and surrounding the starting transition
point. For example, the region of interest window may
have a predetermined size, wherein the starting transition
point is a center point of the region of interest window.
After assigning the region of interest window, by bound-
ary detector 320, further transition points are determined
in the region of interest window by analyzing the values
of the grid cells in the occupancy grid within the region
of interest window. Accordingly, a plurality of transition
points relating to a transition between a free and an oc-
cupied grid cell or in some cases a cell of unknown prob-
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ability, in the region of interest window are determined.
[0120] Based onthe determined transition pointsinthe
region of interest window, boundary processor 330 com-
bines the detected transition points, in particular the de-
tected starting transition point and the detected further
transition points, to a number of one or more polygon
chains. Accordingly, the number of polygon chains of the
determined transition points specify the boundary be-
tween the free space and the occupied space in the oc-
cupancy grid.

[0121] After the polygon chains for specifying the
boundary between the free and the occupied grid cells
in the region of interest window have been generated, a
further center point for a successive region of interest
window can be determined and subsequently, a further
detection of a number of polygon chains within the further
region of interest window can be performed.

[0122] The apparatus 300 is adapted to perform one
or both of the methods of the first and second embodi-
ment described above and illustrated in Figs. 3-8. For
this purpose, the boundary detecting and processing de-
vice 302 of the embodiment of Fig. 9 is accordingly adapt-
ed to detect the boundaries 21-24, 21’-24’ of the area A
based on values of grid cells of the occupancy grid O.
[0123] Hence, the boundary detecting and processing
device 302 also may be adapted to perform the steps
S2, S3, S4, S5, S6, S7, S41 and S61 of Fig. 5, and/or
the device 302 may be adapted to perform the steps S2’,
S3, S4', S5, S6’, S7’, S8, S31’ and S51’ of Fig. 8, as
described in detail above. It is noted that the apparatus
300 may be adapted to perform both methods of the first
and second embodiment in order to be able to detect
both locations 100 and 200 as they occur, for example
exits 3 and entries 5 from or to a highway 1.

[0124] Furthermore, the boundary detecting and
processing device 302 is adapted to identify the number
of boundaries 21-24, 21°-24’ detected, and is also adapt-
ed to provide an output signalling the presence of the
location 100 where the branches 41, 42 diverge and/or
the presence of the location 200 where the branches 41,
42’ converge, depending on the number of boundaries
21-24, 21’-24’ identified.

[0125] The apparatus 300 schematically shown in Fig.
9 may be used in an advanced driver assistance system
for the vehicle V. Alternatively, the apparatus 300 may
be used in an autonomously moving vehicle V, which
moves in automated manner.

[0126] In a variant, the apparatus 300 may be used in
arobot system, e.g. an industrial robot system or a robot
system for domestic use. In a further variant, the appa-
ratus 300 may be used for example in a robot device that
delivers items, i.e. a robot device that delivers goods or
documents and for this purpose autonomously moves,
for example on an office campus or the like.

[0127] Inthe following, the individual operations for de-
tecting boundaries of the area A, in particular each of the
boundaries 21-24, 21’-24’, will be explained in more de-
tail.
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[0128] Detecting a starting point SP1-SP4, SP3’, SP4’
is performed as detecting a starting transition point SP
in the occupancy grid O. The description below may apply
to each of the starting points SP1-SP4, SP3’, SP4’.
[0129] Fig. 10 shows a schematic drawing illustrating
the process for determining the starting transition point
SP and the related region of interest window W. For ex-
ample, an occupancy grid O is provided comprising grid
cells for specifying the probability of the occupancy in the
environment of the vehicle V. Furthermore, the arrow 2
related to the vehicle V illustrates the direction of moving
of the vehicle V. Starting from this scenario, a transition
point SP is determined.

[0130] For this purpose, the values in the grid cells of
the occupancy grid O along a line 7 which is orthogonal
to the direction of moving 2 are analyzed. Itis understood
that such an analysis may be performed e.g. on a right-
hand or left-hand side of the vehicle V, or on both sides.
[0131] To identify the starting transition point SP, the
values of the individual grid cells along the line 7 which
is orthogonal to the moving direction 2 may be evaluated.
For example, the starting transition point SP may be de-
termined as a point along the line at which the probability
for an occupancy in the occupancy grid O exceeds a
predetermined threshold. However, any other scheme
for determining the transition point may be also possible.
For example, it may be also possible to analyze a ratio
between neighboring grid cells of the occupancy grid O
or to perform any other analysis for evaluating the occu-
pancy grid O and identifying a starting transition point
SP. Moreover, it may be also possible to analyze values
of the grid cells relating to a probability for a free position.
If no reliable values for at least some of the grid cells are
available, it may be also possible that a transition point
may be determined at a transition from known to an un-
known/uncertain occupancy value of a grid cell.

[0132] After the starting transition point SP has been
determined, a region of interest window W surrounding
the starting transition point S is assigned, see Fig. 10.
For example, the region of interest window W may have
a rectangular shape. Especially, the starting transition
point SP may be in the center of the region of interest
window W. For example, the region of interest window
W may have a predetermined size, for example a prede-
termined length x and a predetermined width y. Espe-
cially, it may be possible to assign always a region of
interest window W having a same size. However, it may
be also possible to adapt the size of the region of interest
window W. For example, the width y may be adapted
depending on the distance between the vehicle V and
the starting transition point SP. Accordingly, the length x
ofthe region of interestwindow W may be also kept either
constant or may be adapted. For example, the size of
the region of interest window W, in particular the length
xmay be adapted depending on properties of aboundary,
e.g. a road boundary 21-24 or 21°-24’. If the boundary
21-24 or 21’-24’ is curvy, the length x may be set to a
smaller value and if the boundary 21-24 or 21°-24’ is al-
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most straight, the length x may be set to a larger value.
For instance, a shape of a polygon chain in a region of
interest window W may be analyzed, and based on an
analysis of the polygon chain, the length x of an original
region of interestwindow W may be adapted accordingly.
It is understood that any other scheme for adapting the
size of the region of interest window W may be also pos-
sible. Even though rectangular region of interest windows
W are shown in Figs. 3-4, 6-7, 10 and 11, other shapes
for region of interest windows W may be also possible.
[0133] Fig. 11 shows an example for determining a
boundary, in particular a portion of one of the boundaries
21-24, 21°-24’, in a region of interest window W. Once
the starting transition point SP of the region of interest
window W has been determined and the region of interest
window W has been assigned successively, the data of
the grid cells in the occupancy grid O within the region
of interest window W may be further analyzed. In partic-
ular, further transition points T-i will be detected. The de-
tection of the further transition points T-i may be per-
formed similar to the detection of the starting transition
point SP. Accordingly, a number of further transition
points T-i within the region of interest window W may be
determined. The number of the further transition points
T-i may be variable or fixed. For example, a predeter-
mined number of further transition points T-i may be iden-
tified in the region of interest window W. However, it may
be also possible to adapt the required number of transi-
tion points T-i within the region of interest window W de-
pending on the size of the region of interest W. Further-
more, it may be also possible to identify as many transi-
tion points T-i as possible within the region of interest
window W.

[0134] After the transition points T-i within the region
of interest window W have been detected, the detected
transition points T-i within the region of interest window
W may be combined to a number of one or more polygon
chains B. For example, a transition point T-i may be con-
nected to the closest neighboring transition points T-i. In
this way, a chain of the transition points T-i represent a
boundary between the free and the occupied space with-
in the region of interest window W. Hence, this chain B
may be considered as the boundary for specifying the
free space surrounding the vehicle V.

[0135] In order to extend the free space boundary and
form each of the chains C1-C4, a furtherregion of interest
window W may be assigned. For this purpose, a center
point of a further region of interest window W has to be
determined and subsequently, the further region of inter-
est window may be assigned based on the determined
center point. For this purpose, the center point for a fur-
ther region of interest window W may be determined
based on the transition points T-i within the current region
of interest window W. For example, it may be possible
to determine a direction based on a polygon chain B
formed by the transition points T-i of the current region
of interest window W. In particular, if more than one pol-
ygon chain has been determined in the current region of
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interest window, the longest polygon chain may be used.
For example, a principle component analysis (PCA) may
be applied. However, it is understood that any other ap-
proach for determining a direction of a polygon chain B
formed by the transition points T-i may be possible, too.
Furthermore, it may be also possible to determine a di-
rection based on the outermost transition points T-i of a
determined polygon chainin the region ofinterest window
W, i.e. the first and the last transition point T-i in the di-
rection of the movement of the vehicle V. It is understood
that any other approach for determining the direction of
the next region of interest window W may be also possi-
ble. For example, the next center point of a region of
interest window W may be determined in the direction of
the moving of the vehicle V. A next center point may be
selected having a distance to the current center point of
aregion of interest W being almost equal to the length x
of the region of interest window W. In this way, neighbor-
ing region of interest windows W are steering each other.
However, it may be also possible to adapt the length x
of the region of interest window W. For example, if the
orientation of the successive region of interest window
W changes more than a predetermined threshold value,
the boundary B may be considered to be curvy. In this
case, the length x of the region of interest window W may
be decreased or set to the lower value. Otherwise, in
particular if the boundary is not considered to be curvy,
i.e. the orientation between the two successive region of
interest windows W does not change more than a pre-
determined threshold value, the length x may be set to
a larger value.

[0136] Furthermore, the orientation of the successive
region of interest window W may be adapted depending
on the direction of the polygon chain B in the current
region of interest window W or the direction specified by
the outermost transition points T-i in a polygon chain of
the current region of interest window W. For example,
the direction specified by the polygon chain B may be
used as the orientation of the successive region of inter-
est window, if the deviation between the direction spec-
ified by the polygon chain B and the direction between
the outermost transition points T-i is less than a prede-
termined threshold. Otherwise, if the deviation between
the two directions exceeds a predetermined threshold,
for example 30 degrees, this may indicate a high uncer-
tainty. In this case, the orientation of the current region
of interest window may be used as an orientation for the
successive region of interest window. However, it is un-
derstood that any other approach for determining the ori-
entation of the successive region of interest window may
be also used. For example, it may be possible to deter-
mine a mean value of the orientations of the individual
edges within the polygon chain B and to use the mean
value of all the orientations within the polygon chain as
a basis for the orientation of the successive region of
interest window.

[0137] After the successive region of interest window
has been assigned, the transition points within this suc-
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cessive region of interest window may be computed in
the same manner as already described above for the
currentregion of interest window W. Hence, the boundary
between the free space and the occupied space may be
continued by the polygon chain B in the successive win-
dow.

[0138] The determination of further center points and
polygon chains in further region of interest windows W
may e.g. be continued until a grid boundary 8 of the oc-
cupancy grid O has been reached, as displayed in Fig.
3 for the road boundaries 21 and 22, for example, or as
displayed for example in Fig. 6, 7 for the road boundaries
21" and 23'. In this way, boundaries between the free
space and the occupied space in the occupancy grid O
may be easily determined from a position orthogonal to
the moving direction 2 of the vehicle V to the grid bound-
ary 8 of the occupancy grid. As already mentioned above,
this determination of the boundary may be performed e.
g. to the left-hand side and the right-hand side of the
vehicle V, such as for the road boundaries 21, 22 in Fig.
3 or the road boundaries 21’, 22’ in Fig. 6.

[0139] For every boundary 21-24, 21’-24’, a plurality
of center points and region of interest windows W are
determined, see Figs. 3-4, 6-7. The process for deter-
mining the center points and successively the region of
interest windows W for forming chains C1-C4 is per-
formed until either a boundary of the occupancy grid O
isreached or a sharp changein the direction of the bound-
ary is found, as has been described above in more detail.
Using the process described above for assigning region
of interest windows W to form the chains C1-C4, the local
course of the road boundary in a current window W may
in particular help in following the road boundary through
the occupancy grid O.

[0140] Fig. 12 shows a flowchart illustrating a method
for detecting a boundary which may be used in the em-
bodiments described above for detecting each of the
boundaries 21-24, 21’-24’. In step S1" a starting transi-
tion point SP is detected in the occupancy grid O based
on the values in the grid cells of the occupancy grid O.
In step S2" a region of interest window W surrounding
the identified starting transition point SP is assigned. In
step S3" further transition points T-i between grid cells
of the region of interest window W are detected. Finally,
in step S4" the detected starting transition point SP and
the further detected transition points T-i are combined to
anumber of polygon chains B for specifying the boundary
in the occupancy grid O.

[0141] The present invention may be used, for in-
stance, in connection with detecting a free space region,
in particular a boundary between a free space and an
occupied space in the surrounding of a vehicle. For in-
stance, the invention may be used in an advanced driver
assistance system.

[0142] Furthermore, the information on locations 100,
200 where branches 41, 42 diverge or branches 41°, 42’
converge in the environment of the vehicle may be also
used for a fully autonomous driving of a vehicle. However,
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it is understood that the present invention is not limited
to the above-mentioned examples. Any other appropriate
application may be conceivable as well.

[0143] Also, itis understood that the present invention
is not limited to only a semi-autonomous or fully auton-
omous driving of a vehicle. The present invention may
be also applied to any other application which involves
environment modelling and/or requires information about
an area bounded by boundaries. For example, the
present invention may be applied to an industrial robot
system, wherein a robot arm is moved automatically by
a control system. Also, in variants, the invention may be
applied to robot systems which include an autonomously
moving unit, e.g. a robot delivering items.

[0144] Summarizing, the invention relates to a detec-
tion, in an environment of an object, of the presence of
a location where branches of an area within the environ-
ment converge or diverge. The detection is based on an
occupancy grid which provides information about the
probability of occupancy in the environment of the object.
Boundaries of the area are detected based on values of
grid cells of the occupancy grid. The number of bound-
aries is identified. Depending on the number of bounda-
ries identified, the presence of a location where branches
ofthe area converge ordiverge is signalled. The invention
furthermore proposes an apparatus for detecting, in an
environment of an object, the presence of a location
where branches of an area within the environment con-
verge or diverge. Moreover, the invention provides for an
advanced driver assistance system, an autonomous driv-
ing vehicle and a robot system comprising such an ap-
paratus.

[0145] Although the present invention has been com-
pletely described above with reference to preferred em-
bodiments, the invention is not limited to these embodi-
ments, but may be modified in many ways.

[0146] Forexample,the presentinventionis notlimited
to the number of road boundaries described above. It is
conceivable to detect more complicated entry/exit situa-
tions based on a different, possibly higher, number of
boundaries that are identified.

REFERENCE SIGNS
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S41  step
S61  step
ST step
S2 step
S3 step
sS4’ step
S5 step
S6’ step
S7 step
S8 step
S31"  step
S51°  step
S1"  step
S2"  step
S3"  step
S4"  step
Claims

1. A method for detecting, in an environment of an ob-

ject (V), the presence of a location (200; 100) where
branches (41’, 42’; 41, 42) of an area (A) within the
environment converge or diverge, comprising steps
of:

providing (S1’; S1) an occupancy grid (O) com-
prising a plurality of grid cells, each grid cell com-
prising a value for a probability of an occupancy
in the environment of the object (V);

detecting (S2’-S6’; S2-S5) boundaries (21, 22,
23',24’; 21, 22, 23, 24) of the area (A) based on
values of grid cells of the occupancy grid (O);
identifying (S7’; S7) the number of boundaries
(21-24’; 21-24) detected;

depending on the number of boundaries (21’-
24’; 21-24) identified, signalling (S7’; S7) the
presence of a location (200; 100) where branch-
es (41',42’; 41, 42) of the area (A) converge or
diverge.

The method according to claim 1, wherein detecting
the boundaries (21°-24’; 21-24) includes detecting a
firstboundary (21’;21) on afirst side (31) of the object
(V) in a direction (7) transverse, in particular orthog-
onal, to a direction of movement (2) of the object (V),
and detecting a second boundary (22’; 22) on a sec-
ond side (32) of the object (V) essentially opposite
the first side (31).

The method according to claim 2, wherein detecting
the first boundary (21°; 21) and detecting the second
boundary (22’; 22) each includes detecting a starting
point (SP1, SP2) in the occupancy grid (O) in the
direction (7) transverse to the direction of movement
(2) of the object (V), assigning an initial region of
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interest window (W) in the occupancy grid (O) sur-
rounding the starting point (SP1, SP2), and begin-
ning with the initial region of interest window (W)
forming a chain (C1, C2) of region of interest win-
dows (W) by repeatedly assigning a further region
of interest window (W).

The method according to claim 2 or 3, wherein the
step of detecting the boundaries (21'-24’; 21-24) in-
cludes terminating the detection of each of the first
(21’; 21) and second boundary (22’; 22) if the current
region of interest window (W) exceeds a grid bound-
ary (8) of the occupancy grid (O) orif a sharp change
of the orientation of the first or second boundary (22’)
is detected in the current region of interest window
(W).

The method according to claim 2 to 4, wherein the
step of detecting the boundaries (21-24) includes ob-
taining a distance (9), in the direction (7) transverse
to the direction of movement (2) of the object (V),
between the first and second boundaries (21, 22)
detected, at a plurality of points (10) spaced from
each other along the direction of movement (2) of
the object (V), and further includes initiating a detec-
tion of at least one further boundary (23, 24) of the
area (A) if the distance (9) between the first and sec-
ond boundaries (21, 22) at the plurality of points (10)
continuously increases as a distance of the point (10)
from the object (V) increases.

The method of according to claim 5, wherein the de-
tection of the further boundary (24, 23) comprises
detecting a further starting point (SP4, SP3) in a di-
rection (11, 12) transverse, in particular orthogonal,
to the orientation of the first or second boundary (21,
22) in a distal end region (13, 14) thereof.

The method according to claim 5 or 6, wherein the
detection of the at least one further boundary (24,
23)isinitiated to proceed in a direction (16, 15) point-
ing towards an interior () of the occupancy grid (O),
in particular in a manner so as to approach the object

).

The method according to any one of claims 2 to 4,
wherein the step of detecting the boundaries (21'-
24’) includes obtaining lengths (L1, L2) of each of
the first and second boundaries (21, 22’) detected
and calculating a difference between the lengths (L1,
L2) of the first and second boundaries (21’, 22’), and
further includes initiating a detection of at least one
further boundary (23’) of the area (A) if the difference
calculated is different from zero or exceeds a non-
zero threshold value.

The method according to claim 8, wherein the de-
tection of the at least one further boundary (23’) com-
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prises detecting a further starting point (SP3’) in a
direction (11°) transverse, in particular orthogonal,
to the orientation of a longer one (21°) of the first and
second boundaries (21°, 22’) in a distal end region
(13’) thereof.

The method according to any one of claims 8 or 9,
wherein the further boundary (23’) detected is a third
boundary (23’) of the area (A) and the detection of
the third boundary (23’) is initiated to proceed in a
direction (15’) towards an interior (1) of the occupancy
grid (O), in particular in a manner so as to approach
the object (V).

The method according to claim 10, wherein the de-
tection of the third boundary (23’) is terminated in an
end region (17’) of the third boundary (23), and
wherein the step of detecting the boundaries (21'-
24’) further includes initiating a detection of a fourth
boundary (24’) of the area (A) starting from the end
region (17’) of the detected third boundary (23’).

The method according to any of the preceding
claims, wherein the object (V) is a vehicle and where-
in the location (200; 100), the presence of which is
detected, corresponds to the location of an entry (5)
to or an exit (3) from a road (1), particularly an entry
(5) to or an exit (3) from a multi-lane road (1), more
particularly an entry (5) to or an exit (3) from a high-
way (1) or freeway (1).

An apparatus (300) for detecting, in an environment
of an object (V), the presence of a location (200; 100)
where branches (41°,42’;41,42) ofan area (A) within
the environment converge or diverge, the apparatus
(300) comprising:

an occupancy detector (301) adapted to provide
an occupancy grid (O) comprising a plurality of
grid cells, each grid cell comprising a value for
a probability of an occupancy in the environment
of the object (V);

a boundary detecting and processing device
(302) adapted to detect boundaries (21'-24’;
21-24) of the area (A) based on values of grid
cells of the occupancy grid (O), and adapted to
identify the number of boundaries (21'-24’;
21-24) detected, and further adapted to provide
an output signalling the presence of a location
(200; 100) where branches (41’, 42’; 41, 42) of
the area (A) converge or diverge, depending on
the number of boundaries (21’-24’; 21-24) iden-
tified.

An advanced driver assistance system comprising
the apparatus according to claim 13.

An autonomous driving vehicle comprising the ap-
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paratus according to claim 13.

16. A robot system comprising the apparatus according
to claim 13.
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